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Transition state analyses have been carried out within a density functional theory setting to explain
and quantify the distinctly different ways in which hydrogen and methyl terminations serve to protect
silicon surfaces from the earliest onset of oxidation. We find that oxidation occurs via direct dissocia-
tive adsorption, without any energy barrier, on Si(111) and reconstructed Si(001) that have been hy-
drogen terminated; oxidation initiates with a barrier of only 0.05 eV on unreconstructed Si(001). The
commonly measured protection afforded by hydrogen is shown to derive from a coverage-dependent
dissociation rate combined with barriers to the hopping of adsorbed oxygen atoms. Methyl termina-
tion, in contrast, offers an additional level of protection because oxygen must first undergo interac-
tions with these ligands in a three-step process with significant energy barriers: adsorption of O, into
a C—H bond to form a C—O-O-H intermediate; decomposition of C—O-O-H into C—O-H and C=0
intermediates; and, finally, hopping of oxygen atoms from ligands to the substrate. © 2012 American

Institute of Physics. [doi:10.1063/1.3682782]

Il. INTRODUCTION

The desire to understand, control, and exploit the ox-
idation of silicon (Si) has been a constant driving force in
photovoltaics and micro-electronics research for over half a
century. For example, precise control of the silicon/silicon
oxide (Si/Si0O;) interface is required to embed extra-thin,
high-dielectric material in metal-oxide semiconductor field
effect transistors.! In solar cells composed of crystalline
Si, post-oxidation effects result in defects such as dan-
gling bonds at the SiO,/Si interface which push the Fermi
level towards the conduction band edge and increase the
rate of electron-hole recombination,>™ thus deteriorating
photo-conversion efficiency. The optical properties of Si
nanostructures are particularly sensitive to oxidation because
the high surface-to-volume ratio amplifies the effect of
defects on electron-hole recombination. In addition, even
slight oxidation of quantum confined nanostructures can have
a striking influence on optical properties by changing the
effective size of the remaining Si.

The initial stage of oxidation on bare (unpassivated) Si
surfaces has been investigated experimentally. Here oxygen
atoms can directly attach to the exposed dangling bonds, and
reflectance difference oscillation data suggests a layer-by-
layer oxidation process that slows down with increasing oxide
thickness.® Based on scanning reflection electron microscopy
and Auger analysis, Watanabe et al.” argued that oxidation of
the first layer of the bare Si(001) surface was barrierless and
estimated an effective activation energy of 0.3 eV for second
layer oxidation.

Surface passivation can profoundly reduce the rate of
oxidation by blocking the dissociative adsorption of O, onto
Si surface bonds. For instance, simple hydrogen (H) termi-
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nation is widely used to protect against oxidation. At room
temperature, both reconstructed Si—-H and unreconstructed
Si-H, Si(001) surfaces result from standard production
techniques,® and these surfaces have been subjected to
intense experimental scrutiny using scanning tunneling
microscopy,” atomic force microscopy,'®!! x-ray photo
electron spectroscopy,lz‘15 Auger electron spectroscopy,16
Fourier transform infrared spectroscopy (FTIR),!%!7-22 and
high-resolution electron energy-loss spectroscopy.”>~2° The
FTIR spectrum exhibits a stable Si—H peak at early stages
of oxidation?®?>27 accompanied by an increasing Si(O,)-H
signal that grows slowly over time. This is consistent with the
standard kinetic model for oxidation in which most O atoms
are adsorbed into the Si—Si backbonds.

The rate of oxidation is strongly influenced by surface
preparation and environment, but careful measurements of
the formation of an oxide monolayer have been carried out
as a function of temperature by Zhang et al.>®?° These were
used to estimate effective (time averaged) activation energies
for initial stage oxidation on H-Si(111), H-Si(001), and
H,-Si(001) surfaces as 1.7, 1.7, and 1.6 eV, respectively.z&29
For the sake of clarity in summarizing this work, we focus on
H-Si(111).?” Within a pure oxygen environment, oxidation
was tracked by measuring the change of the FTIR peaks of
Si—-H and Si(O,) at 573 K, 593 K, and 643 K. When fitted to
a standard rate equation,

d[Si—H]

_ . a pb
o = KISi=HI"P),. (1)

the reaction order, o, was estimated to be 1.5, suggesting a
multistep oxidation process. The strong presence of H-SiO;
and H-SiO; peaks in the spectrum led Zhang et al. to
conclude that the multistep character derived from the influ-
ence of subsequent lateral hopping of adsorbed O atoms. A
pressure exponent of 8 = 0.7 is explained by the similarity in

© 2012 American Institute of Physics
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barriers for two types of dissociation events: O, inserted into
Si—Si backbonds that share the same Si—H bond; and, inser-
tions into two separated Si—H bonds. These observations are
consistent with a recent work®® wherein similarly prepared
H-Si(111) was exposed to an ambient atmosphere. Although
the measurements were performed at a single temperature,
T = 293.15 K, the prefactor of 10'3-10"> determined by
Zhang et al.” can be used to estimate an effective oxidation
barrier of 1.0-1.2 eV. The lower value, in comparison to
Zhang et al. can be attributed to the oxidizing contributions
of H,O, NO,, O3, etc. from the ambient environment.

As an alternative to H passivation, alkyl groups are
also widely used to terminate Si surfaces due to their flex-
ibility, biocompatibility, and stability in a wide range of
environments.’! Densely packed, alkyl-terminated Si(001)
and Si(111) surfaces are thermally stable up to 615 K.3>33
Bansal et al. reported that the in-air formation of an oxide
monolayer with 50% coverage took 3 h, 5 h, and 2 days for the
H—, CH;3™, and long alkyl chain termination, respectively.**
They concluded that exposure to O, simply results in oxida-
tion of the organic ligands with very limited subsequent ox-
idation of the silicon substrate. Specifically, both multiple-
internal-reflection infrared and x-ray photoelectron spectra
showed that the number of C-O and O-C=0 moieties in-
crease with time, while the population of C=0 first increases
then slightly decreases with time. All of these bonds saturate
after only a few hours, and the subsequent slow growth of
C=0 implies that it is formed by a sequence of two or more
first-order reactions. The possible kinetics involves the se-
quential formation of intermediate molecular species, namely
CH — C-0-O-H — C=0 (or C-OH) — HO-C=0.%-%
The exact reaction sequence between O, and CHj ligand is
not clear, though, and the corresponding activation energies
remain unknown. These are issues that can be addressed us-
ing accurate quantum mechanical simulations.

First-principles investigations based on density func-
tional theory (DFT) have been used to a surprisingly limited
extent to quantify and elucidate the dissociative adsorption
of O, on Si surfaces. For bare Si(001), a narrow, barrierless
dissociation path was identified along which O, attacks dimer
sites through chemisorption with intermediate states, and this
was posited to be the dominant oxidation mechanism at room
temperature.’”-3® Computational queries of H-terminated Si
surfaces have also been carried out,2%26:3%43 and the results
suggest that oxygen insertion into Si—Si bonds (Si—O-Si)
is energetically more favorable than Si-O-H or Si=O
insertions, consistent with experimental findings.>*%%?7
Early theoretical works also reported very high oxidation
barriers for hydrogen terminated Si(111) surfaces. For
instance, Teraishi et al.¥® suggested that the high effective
barrier to oxidation was due to an activation energy of
2.2 eV for the formation of a precursor Si—-O-O-Si structure
that was predicted to subsequently decompose to create
Si—O-Si bonds with only a tiny barrier. They also predicted
that the oxidation barrier would be reduced for an Si atom
that is already bonded to oxygen. However, their results
are questionable because the reaction path assumed the
existence of a Si—-O-O-Si precursor, a structure that has
never been observed experimentally. Furthermore, since
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initial stage oxidation is a complicated dynamic process
that almost certainly depends on O coverage, the effective
barrier measured experimentally cannot be directly compared
with the calculated barrier for a single O, adsorbed on the
non-oxidized surface. The mobility of adsorbed O atoms was
theoretically studied by Hoshino and Eyre*** who estimated
the activation barriers for inward diffusion of an O atom on
H-Si(111) and OH—(111) surfaces to be approximately 4 eV,
much larger than that on the corresponding bare surface.
Modern first-principles transition state analysis provides
the means to quantify precisely the role of terminating species
in protecting Si surface from the earliest stages of oxida-
tion. In the current work, dissociative adsorption pathways are
identified for the first O, molecule adsorbed on H-Si(111), re-
constructed H-Si(001), and unreconstructed H,—Si(001), to-
gether with the subsequent mobility of O atoms. The role
of hydrogen treatment in mitigating oxygen incorporation is
made clear by computing the coverage dependence of the ad-
sorption and hopping barriers for O as compared with bare
surfaces. The initial oxidation of methyl-passivated surfaces
is carefully considered as a representative of popular alkyl
treatments. Dissociation on unreconstructed CH3;—Si(111) and
reconstructed CH3—Si(001) surfaces are analyzed, and barri-
ers to the formation of key intermediate structures are used to
corroborate and clarify experimentally motivated conjectures
about the multi-step dissociation on alkyl-treated silicon.?>3¢

Il. COMPUTATIONAL METHODS AND MODELING

Our DFT calculations employed an all-electron approach
with the exchange and correlation effects accounted for
with the generalized gradient approximation formulated by
Perdew, Burke, and Ernzerhof*® and a real-space numerical
atomic orbital basis.*’ A double numeric plus d-orbital ba-
sis was used, and structures were relaxed until the maximum
atomic force is less than 0.1 eV/A. Only the T' point was
needed for Brillouin zone sampling because of the large su-
percells involved.

Transition state (TS) searches were performed via the
repeated, sequential application of linear synchronous transit
and quadratic synchronous transit (QST) algorithms.*® In
each synchronous transit step, a series of total-energy cal-
culations were performed on a set of interpolated structures,
and the maximum energy structure along this path was used
to generate an estimate for the transition state geometry. A
conjugate gradient minimization followed by a QST analysis
was repeated until the forces on all atoms were less than
0.27 eV/A. This was followed by an eigenvector following
(EF) analysis® in order to optimize the TS and its associated
energy barrier. This was carried out using a Newton-like opti-
mization algorithm applied to search for the energy maximum
along a single (unstable) normal mode and the minimum
along all other modes requiring a time-consuming diagonal-
ization of the Hessian matrix. For both the TS search and EF
analyses, a 0.028 eV electronic smearing was used. The pro-
cedure outlined is adaptive but in a perturbative way, requiring
an initial guess for the pathway; therefore a large number of
inequivalent pathways were considered as initial guesses for
each of the processes considered in our investigation.
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Calculations were performed using the 2+/2 x 2+/2 H—
Si(001) and 3 x 3 H-Si(111) supercells so that the distances
between O in adjacent cells is approximately 10 A, corre-
sponding to roughly 10% oxygen coverage on the top surface.
Each supercell contained eight layers because our calculations
showed that the binding energy of O, molecules inserted on
the center of the slab was well converged within 0.01 eV for
8 layers. The dangling bonds of the bottom layer were pas-
sivated with H atoms, and the bottom two layers of Si and H
atoms were fixed during relaxations with a vacuum spacing of
40 A. Due to steric effects, it is not possible to have 100% cov-
erage of CHj3 ligands on the unreconstructed Si(001) surface
so in this study only CHj3 passivated, reconstructed Si(001)
surfaces were considered.

The binding energy is defined as E, = E(Si surface)
+ E(0O,)-E(Si surface with dissociated O,). The activation
barrier is likewise defined as E, = E(TS)-E(initial state).
These energies characterize the static and dynamic behavior
of the system, respectively. Method accuracy was evaluated
by calculating the barrier energies, E,, for an O atom hopping
from on-top to dimer, dimer to on-top, on-top to backbond,
and backbond to on-top configurations on clean Si(001). The
obtained values of 0.08, 1.12, 0.45, 1.45 eV, respectively, are
very close to the corresponding values of 0.11, 1.11, 0.38,
1.34 eV reported previously using the nudged elastic band
method with a plane wave basis set.”’ In addition, E, for H,
dissociation on reconstructed Si(001) was estimated to be
2.77 eV, which is in good agreement with the previously cal-
culated value of 2.60 eV (Ref. 51) and compares reasonably
well with the experimental value of 2.22 £ 0.2 eV.>?

lll. RESULTS AND DISCUSSIONS
A. Dissociative adsorption of O, on H-terminated Si

It is well known that the oxidation rate on H-terminated
Si is much lower than that of a corresponding bare surface.>
The effective activation energies for initial stage oxidation on
H-Si(111), H-Si(001), and H,—Si(001) surfaces are estimated
from experiments to be 1.7, 1.7, and 1.6 eV, respectively.?®>
It is tempting to make the interpretation that these barriers
arise from O, dissociation and the subsequent breaking of Si—
Si backbonds; however, our TS analysis indicates that there is
no barrier for O, dissociation on either H-Si(111) or recon-
structed H-Si(001) and that the barrier for unreconstructed
H,-Si(001) is only 0.05 eV. However, these barriers increase
rapidly with increasing oxygen coverage, and steric effects
cause this coverage sensitivity to be much greater for H-Si
surfaces than for clean surfaces. Although a rapid diffusion of
O atoms from the surface backbond sites might mitigate the
effect of this coverage dependence, our results suggest that the
barriers to both lateral and inward O hopping are significantly
higher than those for clean surfaces.

1. O, adsorption on pristine surfaces

Four barrierless or nearly barrierless adsorption sce-
narios for the H-Si(111) surface were considered and are
summarized in Fig. 1. The one with the lowest barrier and
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FIG. 1. Top view of four possible configurations for O, incorporation into
H-Si(111) with associated barriers of 0.00, 0.00, 0.05, and 0.11 eV and bind-
ing energies of 8.14, 8.09, 7.65, and 7.79 eV in panels (a), (b), (c), and (d),
respectively. Si atoms are tan, H atoms are white, and O atoms are red. The
four different sizes of Si atom indicate the depth of the layer.

highest binding energy is shown in panel (a), where the two
O atoms have the largest separation. In each case, the O,
avoids H atoms as much as possible as it dissociates and hops
to the backbond sites. The much higher activation energy E,
= 2.2 eV obtained in a previous theoretical study*? is very
likely due to an incorrectly prescribed reaction path which
did not include the saddle point identified by the adap-
tive algorithm that we used. For instance, we found that a
0.3 A displacement perpendicular to the imaginary frequency
mode leads to an increase of 1.8 eV in the barrier height and
suggests that the barrierless pathway is very narrow and easy
to miss. If we change the path to form the intermediate struc-
ture Si—-O—-0O-Si, then a 2.0 eV barrier is obtained, which is
consistent to the previous calculation (E, = 2.2 eV).*3 These
additional results suggest that previous first-principle calcula-
tions failed to perform exhaustive searches of reaction paths.

It is also important to note that the activation energies for
O, to be inserted into two Si—Si bonds sharing the same Si—-H
unit (Fig. 1(d)) and that with separated Si—H units (Figs. 1(a)
and 1(c)) are similar, implying that both reactions contribute
to the total oxidation rate. This is consistent with the explana-
tion of Zhang et al. for a fitted pressure exponent of 8 = 0.7
in the reaction rate.”’

In order to verify these rather surprising results, we
exported the reaction path coordinates of thirty config-
urations associated with the reaction path of Fig. 1(a)
and once again calculated the energy profile using a dis-
tinctly different DFT methodology. A plane-wave basis set
with projected-augmented wave potentials®* was imple-
mented in the Vienna ab-initio simulations package (VASP)
(Ref. 55) with 480 eV energy cutoff. A comparison of the
energy profiles, Fig. 2, shows essentially identical results
with no barrier to oxygen dissociation. The small difference
in final state energies (rightmost points) reduces to only
0.1 eV when the plane wave configuration is allowed to relax.

A consideration of H-Si(001) was then taken up with
the final configurations for five possible paths to dissocia-
tive O, adsorption shown in Fig. 3. Two barrierless paths ex-
ist wherein two O atoms are inserted into neighboring dimer
bonds (a) or backbonds in the same hexagonal cell (b). The
much higher binding energy of (a) makes it the more proba-
ble scenario.
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reaction coordinate

FIG. 2. Energy profile of the reaction path for O, adsorption on H-Si(111)
corresponding to Fig. 1(a). Blue points were obtained from the original DFT
TS analysis using an atomic orbital basis, while the red points are from energy
calculations using identical geometries within a plane wave basis. Top view
and side views of representative configurations are shown in the inset pictures
with their associated positions in the energy profile denoted by larger dots.

Three possible oxidation paths were analyzed for the un-
reconstructed H,—Si(001) surface, and their associated final
configurations are shown in Fig. 4. In the lowest-E, configu-
ration (panel (a)), O atoms are adsorbed into neighboring Si—
Si backbonds which share a first-layer Si atom. The activation
energy for both scenarios (a) and (b) are slightly lower than
those of corresponding paths on H-Si(001) (Figs. 3(c) and
3(e), respectively) because of the lower strain energy induced
on H,-Si(001). In contrast, the scenario in Fig. 4(c), where
two O atoms are inserted into neighboring Si—Si backbonds
sharing a second-layer Si atom, has a higher activation energy
than the corresponding path on H-Si(001) (Fig. 3(b)). This
is most likely because the expansion of the Si—Si backbonds
on H,-Si(001) reduces the distance between neighboring H
dimers and thus increases their repulsion.

Three factors might affect the barrier of dissociative O
adsorption on the H-terminated surfaces: steric repulsion be-
tween O, and nearby H atoms; bond distortion energy induced
in the neighborhood of Si—Si bonds into which O atoms are
insinuated; and steric repulsion between H atoms. The first
two factors are believed to be more important, but the last
factor might play a more substantial role on H,—Si(001) sur-
faces, where the surface density of H is twice as high as on
Si(111) and H-Si(001). Our TS simulations and Mulliken
charge analyses suggest that O, gains negative charge as it
approaches each of these surfaces. The additional charge oc-
cupies an anti-bonding orbital and causes the O=O bond to
break, and the freed O atoms subsequently break Si—Si back-
bonds in a barrierless process.

@\ Ty O

backbond %

J. Chem. Phys. 136, 064507 (2012)
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FIG. 4. Top view of three possible configurations for Oy incorporation
into unreconstructed H>—Si(001) with associated barriers of 0.05, 0.09, and
0.22 eV and binding energies of 7.40, 7.55, and 7.40 eV in (a), (b), and (c),
respectively.

2. Local O, coverage dependence

Adsorption of O, onto bare Si causes a local expansion
of the Si lattice and compression elsewhere. This compression
leads to stronger steric effects, requiring that subsequent ad-
sorption events overcome a higher energy barrier. This is fur-
ther exacerbated on H-terminated surfaces, where H atoms are
pressed closer together with each O adsorption, and the trend
is expected to be similar for H-Si(111) and H-Si(001), while
that on H,—Si(001) should be larger because of the higher H
density on surface.

This coverage dependence was analyzed for H-Si(001)
by calculating E, for three configurations with a range of sur-
face O content, and these are shown in Fig. 5. In scenario
(a-to-d), a new dimer comes down on the periphery of a pre-
viously adsorbed O pair. The shorter distance between neigh-
boring H atoms, decreased from 3.87 A t0 3.16 A because of
the first adsorption event, causes the energy barrier to increase
from 0.0 eV to 0.63 eV. In the second scenario (b-to-e), a sym-
metric constraint is imposed on the adsorbing O dimer due to
two previous absorption events. The distance between the two
H atoms has been further reduced to 2.48 A, causing the new
adsorption barrier to increase to 1.21 eV. In the final scenario
(c-to-f), two previous adsorption events result in four O atoms
in an arrangement different than that of the (b-to-e) scenario.
Here the barrier is slightly less, 0.44 eV. These results indi-
cate that the O, adsorption barrier rises steeply with increas-
ing O coverage, and that E, is a function of not only O content
but also local arrangement since (b-to-e) and (c-to-f) have the
same O content. Such local coverage dependence turns out
to have an immediate and strong influence on oxidation rates
because of the low mobility of subsequent O hopping.

3. Oxygen diffusion

Our calculations of zero or very low barriers for the initial
dissociative adsorption of oxygen are seemingly at odds with
the effective barrier of 1.7 eV measured based on oxide layer

FIG. 3. Top view of five possible configurations for O incorporation onto the reconstructed H-Si(001) with associated barriers of 0.00, 0.00, 0.13, 0.14, and
0.44 eV and binding energies of 8.16, 7.21, 7.38, 8.22, and 7.59 eV in panels (a), (b), (c), (d), and (e), respectively.
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FIG. 5. Top views of initial (top row) and final (bottom row) configurations
O, adsorption on partially oxidized H-Si(001) surfaces of varying O content.
The associated barriers for scenario (a-to-d), (b-to-¢), and (c-to-f) are 0.63,
1.24, and 0.44 eV, while the binding energies are 7.56, 8.08, and 7.87 eV,
respectively. The detached O, molecule that is far away from the surface in
the top panels is highlighted by blue ellipse in each initial configuration.

growth rates. Such measurements, though, implicitly account
for what turns out to be very slow lateral diffusion of O atoms.
This is consistent with the reaction order of 1.5, rather than 1,
in density of Si—H obtained by fitting experiment data to the
rate expression of Eq. (1), implying a multistep oxidation
process involving lateral hopping of O atoms.

We calculated E, for three types of lateral O hops on
H-Si(001), and the corresponding TS configurations are
shown in Fig. 6. Oxygen hops from a backbond site to a: (a)
neighboring dimer site; (b) backbond site lying on the neigh-
boring hexagonal cell; and (c) neighboring backbond site in
the same hexagonal cell. The hopping barriers were found
to be 2.57, 2.61, and 2.78 eV, respectively. These values are
much higher than analogous hopping barriers for bare Si(001)
computationally estimated by Hemeryck et al.: 1.45, 1.72,
and 2.43 eV.’° The discrepancy is especially pronounced in
the first two cases, in which the Si atom sitting on the middle
of the path is fully passivated by a H atom, preventing the for-
mation of an intermediate structure with an O atom attaching
to the Si atom as occurs on clean surface. The pathways that
we identified, though, are consistent with previous theoretical
work which showed that, for negatively charged states, the
barrier for lateral migration between neighboring backbond
sites that share a second layer Si atom is much higher for
H-Si(111) (1.8 eV) than for bare Si(111) (0.8 eV).* In the

J (b)*);f
\" /
V4 s

(@
%»*
Ea

\ ,

FIG. 6. Top view of TS configurations for lateral O hopping from one
backbond to (a) neighboring dimer site, (b) backbond site in the neighbor-
ing hexagonal cell, and (c) backbond site in the same hexagonal cell on
H-Si(001) surface. The red circles indicate the position of O for the initial
and final structures, while the blue arrows highlight reaction pathways.

J. Chem. Phys. 136, 064507 (2012)

FIG. 7. Lateral diffusion of O atoms on H-Si(001) with subsequent disso-
ciative adsorption of another O, molecule. Panel (a) shows the initial struc-
ture, while panel (b) shows the final structure with an new O; inserted into
Si—Sibonds 1 and 2. Two possible intermediate structures are shown in panels
(c) and (d), where the red circles denote the initial or final oxygen positions,
and purple coloring is used to identify the newly arriving O5.

third case, the lack of dangling bond on H-Si(001) makes it
energetically less favorable to form an intermediate Si—O-Si
bridge structure between two neighboring dimers so that the
hopping barrier is consequently higher.

These high barriers to O hopping can have a strong in-
fluence on the rate of oxidation as illustrated in Fig. 7. There
O atoms are dissociated into the Si substrate (panel a). Di-
rect dissociative adsorption into sites 1 and 2 (panel b) is un-
likely because the separation is too great, so a lateral O hop
is required. Possible hops are shown in panels (c) and (d) for
which the combined barriers for hop-plus-adsorption are 2.89
+0.14 =3.03 eV and 2.61 + 0.44 = 3.05 eV, respectively.

Our finding of the existence of barrierless oxidation path
is consistent with the experimental measurements by Zhang
et al.” Their effective oxidation barrier of 1.6 eV is composed
of a coverage-dependent dissociation barrier and a subsequent
O hopping barrier. As shown in Figs. 5(b) and 5(e), we found
that the dissociation barrier of O, molecule could be as large
as 1.24 eV in certain cases, and it is expected to be even higher
as the O coverage increases. In addition, the calculated lateral
hopping barrier of O atom on H-Si(111) surface is 2.48 eV.
The combination of our calculated high lateral hopping barri-
ers and O-coverage-dependent dissociation barriers explains
the measured effective oxidation barrier of 1.6 eV.

In addition to the contribution from lateral hops, the slow
rate of inward diffusion of O can also add to the stability
against O, adsorption. Eyre et al.* estimated the inward
hopping barrier for H-Si(111) to be 2.1 eV higher than that
for a bare Si surface. They attributed the increase to the for-
mation of a three-fold coordinated oxygen structure on clean
Si(111) because of dangling bonds. H-terminated surfaces
do not support such a three-fold structure, making diffusion
more difficult. Our analysis of H-Si(111) gives an inward
diffusion barrier of 2.82 eV, higher than the lateral diffusion
barrier of 2.48 eV, indicating that the oxidation occurs as a
layer-by-layer process on H-Si(111). In contrast, we estimate
an inward diffusion barrier of 2.46 eV on H-Si(001), lower
than the smallest lateral diffusion barrier of 2.61 eV. This is
consistent with experimental observations that oxidation can
happen both inside and on the surface for H-Si(001).%7-3%
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FIG. 8. Side view of possible reaction paths for O, adsorption on
CH3-Si(111) surface. Arrows indicate possible paths with associated acti-
vation energies given in eV.

B. O, adsorption on methyl-terminated Si

Alkyl-terminated Si surfaces offer much higher oxidation
resistance than their H-terminated counterparts because of
strong steric repulsion to O, (Ref. 35) that forces oxygen
to chemically interact with the alkyl groups first, but the
precise reactions steps have yet to be determined. Experi-
mental work with long chain alkyls*® suggests the following
reaction sequence: CH — C-O-O-H — C=0 (or C-OH)
— HO-C=0. We have verified this computationally for
methyl termination, and the analyses of Si(001) and Si(111)
surfaces allow the intermediate structures to be elucidated
and their barriers to be quantified.

1. Ligand oxidation

The reaction path for insertion of O, into a Si—Si back-
bond of CH3-Si(111) contains three steps as illustrated in
Fig. 8. O, approaching the surface (panel a) gains negative
charge from the polarized CH; monolayer, generating an at-
traction between the O, and a positively charged H atom. This
helps to break a C—H bond with a resulting intermediate struc-
ture C—O-O-H (panel b) which drops the energy by 1.41 eV
after overcoming a barrier of 1.42 eV.

Oxygen atoms can then bond with the ligands in two
ways, as shown in Fig. 8 panels (c) and (d). Both of these
have been observed experimentally.>>3¢ In the b — c¢ tran-
sition, the O—O bond breaks, releasing a OH radical, then
a H, molecule dissociates from CHj; allowing the OH to
dock in its place on the C atom. The resulting structure has
one C=0 double bond and one C—OH single bond with Ej
=2.32eV and E, = 0.80 eV. For the b — d path, the released
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FIG. 9. Energy diagram of reaction paths for O, adsorption on CH3-Si(111)
shown in Fig. 8. The transition states are labeled with TS.

OH radical ruptures a C—H bond, and the released H atom
then passivates the dangling bond of the remaining O atom
on the ligand. This is followed by the recombination of the
OH radical with C. The resulting structure has two C—-OH
bonds on the ligand with E, = 2.06 eV and E, = 1.54 eV.
Although the activation barrier for the b — c transition of
Fig. 8 is lower than that for b — d, it is the latter structure that
is favorable because of the subsequent steps in each case. O
atoms hop from CHj to the Si—Si backbonds to form two Si—
O-Si (siloxane) structures. This results in two inequivalent fi-
nal states: configuration Fig. 8(e) with two O atoms connected
to the same Si atom on the first layer; and Fig. 8(f) with two
O atoms connected to a single Si atom on the second layer.
The energy profiles of the four possible reaction paths, sum-
marized in Fig. 9, indicate that a — b — d — e is the most

FIG. 10. Side view of possible reaction paths for O, adsorption on
CH3-Si(001) surface. Arrows indicate possible paths with associated acti-
vation energies given in eV.
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FIG. 11. Energy diagram of reaction paths for O, adsorption on
CH3-Si(001) shown in Fig. 10. The transition states are labeled with TS.

favorable reaction pathway since it has the lowest summed
activation barrier total of 2.96 eV. This is consistent with the
experimental observation of very slow initial state oxidation
on methyl-terminated Si(111) surfaces.

2. Oxidation of CH3;—Si(001)

An analysis of methyl-terminated Si(001) identified
an analogous three-step reaction path with comparable E,
as summarized in Fig. 10. The energy diagram is given in
Fig. 11 with the a — b — ¢ — e path having the lowest total
barrier of 2.60 eV and the largest binding energy of 8.42 eV.

IV. SUMMARY

We have employed the density functional theory, com-
bined with the transition-state analysis, to quantify the earliest
steps for the oxidation of Si surfaces with two commonly
used terminations. Hydrogen passivation forces oxygen to
attack Si backbond sites, and a popular misunderstanding is
that there is an activation barrier associated with the associ-
ated Si—Si bond breaking. Our results make clear that this is
not the case; instead, there are many barrierless adsorption
paths for the first incoming O, on H-Si(111) and H-Si(001),
while the lowest activation energy on H,—Si(001) surface is
merely 0.05 eV. These adsorption barriers, however, increase
remarkably as local O coverage is increased. If O could
quickly hop inward or even laterally, this would not be as
relevant to initial oxidation resistance, but the mobilities for
both types of O diffusion on H-terminated surfaces are much
lower than those of unpassivated surfaces. This is due to
the lack of dangling bonds on H-terminated surfaces which
prevent the formation of facilitating intermediate structures.
This amplifies the effect of the surface content of O on further
oxidation. Our results explain how H passivation, while
offering essentially no barrier to initial oxygen attack, can
still result in a slow rate of oxide growth corresponding to the
experimentally measured 1.6 eV effective barrier associated
with the formation of an oxide monolayer.

We have also quantified the precise mechanism by which
oxidation begins on surfaces terminated with CHj3. Oxidation
cannot proceed via direct dissociation into Si—Si bonds and
follows a three-step process: adsorption of O, to form a

J. Chem. Phys. 136, 064507 (2012)

C—O-0O-H intermediate structure; transition from C-O-O-H
to C—O-H or C=0 intermediates; and, hopping of an O atom
from the ligand to the Si substrate. On both CH3-Si(111) and
CH;-Si(001) surfaces, each of the first two steps has a barrier
in the range of 0.8—1.5 eV, while the third step is barrierless.
The lowest total activation barriers are 2.96 eV and 2.60 eV,
respectively, for Si(111) and Si(001).

The approach used to analyze bulk Si is expected to be
particularly profitable in the consideration of ways in which Si
nanostructures can be protected from O attack. Even minus-
cule inroads of oxidation can have severe consequences for
the optical and electronic performance of, for instance, assem-
blies of quantum dots and quantum wires, which are currently
being investigated for their potential use in next-generation
photovoltaic cells and light emission devices.
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